Background Coxa valga and femoral anteversion often are seen in patients with spastic hip displacement and osteotomy is recommended. However, the relationship between femoral deformities and hip displacement has not been clearly defined and other factors, such as joint motion and posture, should be considered before recommending treatment. Questions For children with cerebral palsy with Gross Motor Function Classification System Level IV or V, we This study was performed at
questioned (1) whether hip abduction range correlates with hip displacement, (2) what the relationships are between proximal femoral deformities and hip displacement, and (3) whether the patient with a windblown posture has greater degrees of femoral anteversion? Methods We retrospectively studied 31 consecutive children with cerebral palsy with Level IV or V gross motor function who underwent three-dimensional CT for preoperative assessment of hip displacement between January 2010 and December 2013. Among the children, 23 had a windblown posture and eight had symmetric hip motion. Femoral anteversion and true neck-shaft angle were measured from the three-dimensional CT images. Migration percentage was the dependent variable we chose to study in relation to femoral anteversion, neck-shaft angle, maximal hip abduction, and hip flexion contracture, using correlations and multiple linear regressions. Using ANOVA and Scheffé's post hoc tests, we analyzed and compared the data of 23 abducted hips and 23 adducted hips in the 23 children with windblown posture and in 16 displaced hips in the eight children with symmetric hip abduction. Results Greater migration percentage was associated with less hip abduction range (r = À0.86; p \ 0.001). Femoral anteversion had a weak correlation (r = 0.28; p \ 0.05) to migration percentage, and the association became insignificant after considering hip abduction motion. Adducted windblown hips had greater femoral anteversion The institution of the author (CHC) has received, during the study period, funding from the Ministry of Science and Technology (Taipei, Taiwan). Each author certifies that he or she, or a member of his or her immediate family, has no funding or commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research 1 editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research 1 neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDA approval status, of any drug or device before clinical use. Each author certifies that his or her institution approved the human protocol for this investigation, and that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained.
Introduction
Hip displacement is a common musculoskeletal disorder in patients with cerebral palsy [14, 22, 33] , and it may progress to dislocation associated with chronic hip pain and have a negative effect on preexisting motor disability [2, 10] . The goal of treatment for patients with spastic hip displacement has been to restore physiologic biomechanics for hip development; therefore, flexion-adduction contractures and skeletal deformities of the hip often result in surgery for hip displacement [15, 20, 25, 27, 29, 31] .
Skeletal deformities in patients with spastic hip displacement include acetabular dysplasia, coxa valga, and excessive femoral anteversion [1, 3, 21, 24, 31] . The degree of acetabular dysplasia has been known to correlate with the migration percentage of hip displacement [6, 9, 17] . With femoral deformities, imbalance of muscle forces and lack of ambulation lead to excessive anteversion and coxa valga that increase with the levels of gross motor function [31] . Laplaza and Root [20] reported increased femoral anteversion had greater correlations than increased coxa valga with hip displacement. Therefore, femoral anteversion should be addressed primarily in surgical management of hip displacement.
Gross Motor Function Classification System levels also have been significantly correlated with incidence of hip displacement [22, 33] . Thus, gross motor function could be a factor in the association between femoral deformities and hip displacement. Without controlling for the moderating effects of gross motor function, the association between femoral deformities and hip displacement cannot be clearly defined. Another problem is that measurement of femoral deformities, as seen on radiographs, could be affected by profound contracture and malposture in children with cerebral palsy who are nonambulatory [8, 16] . With advancements in computerized image processing techniques, three-dimensional (3-D) CT has been proposed as a superior method to measure femoral deformities in children with cerebral palsy [1, 4, 7, 11, 13, 18, 23, 32, 34, 35] . Davids et al. [11] reported the accuracy of measuring femoral anteversion was significantly compromised when the femoral models were placed in cerebral palsy alignment (flexion, adduction, and internal rotation), and 3-D assessment was significantly better than two-dimensional assessment.
We used reconstructed 3-D CT to measure the femoral anteversion and neck-shaft valgus angle in children with cerebral palsy with Gross Motor Function Classification System Level IV or V who had hip displacements and different degrees of abduction contractures. We asked (1) whether hip abduction range correlates with hip displacement, (2) what the relationships are between proximal femoral deformities and hip displacement, and (3) if the patient with windblown posture has greater degrees of femoral anteversion.
Patients and Methods
Children with spastic-type cerebral palsy, who underwent 3-D CT before surgery for hip displacement, with a migration percentage greater than 40% were the subjects. From January 2010 to December 2014, 35 patients underwent preoperative 3-D CT for hip displacement. Excluding four children with Gross Motor Function Classification System Level II or III, there were 31 (89%) consecutive patients who were nonambulatory (13 boys and 18 girls). Mean patient age at the time of the imaging study was 8.5 years (range, 4À13 years). All patients had cerebral palsy of Gross Motor Function Classification System Level IV or V. The study was approved by the institutional review board of our hospital.
For the 62 hips studied, available data for each hip included physical examination with angle of hip flexion contracture and angle of maximum hip abduction. Radiographic data for each hip included Reimer's migration percentage [30] , femoral anteversion, and neck-shaft angle. Twenty-three children had an apparent windblown posture and eight had symmetric hip abduction, as assessed by one of the authors (CHC). Therefore, we divided the total 62 hips into 23 abducted hips and 23 adducted hips in children with windblown posture and 16 hips in children with symmetric hip motion.
Passive ROM of the hip was measured by one of the authors (CHC) with the patient in the supine position. Flexion contracture of the hip was measured using the Thomas test, in which the flexion angle of the tested hip is measured by a goniometer while the opposite hip is flexed to 130°. Abduction range of the hip, an assessment of adduction contracture, was measured at 90°hip and knee flexion to prevent confounding owing to flexion contracture. Windblown posture is a habitual asymmetric position of the lower extremities, and in our study it was defined as a 20°-discrepancy in the abduction angles of both hips on physical examination.
The migration percentage for the degree of hip displacement was measured, by one of the authors (CHC), on AP radiographs of the pelvis. The migration percentage represented the portion of the ossified femoral head that had migrated laterally beyond the Perkin line, divided by the width of the femoral head [28, 30] .
The 3-D CT image of the femur was reconstructed and realigned using a standard plane defined by the greater trochanter and two posterior condyles of the femur ( Fig. 1A, B ). The image plane was rotated to the horizontal direction, and the femur image was inspected from a cephalic view (Fig. 1C ). An anterior inclination line was drawn by connecting the femoral head center and midpoint of the greater trochanter. Femoral anteversion was defined as the angle between the femoral neck anterior inclination line and the line connecting two posterior femoral condyles (Fig. 1D) . In measuring the true neck-shaft angle, the femur image was first rotated internally until the anteversion axis was horizontal to correct anteversion (Fig. 1E) . The femur image then was rotated 90°on the sagittal plane to view the true neck-shaft angle. The true neck-shaft angle was measured as the angle between the longitudinal axis of the femoral shaft and the axial line of the femoral neck [36] ( Fig. 1F) . The 3-D CT measurement was performed by one of the authors (PCH). Validation of realignment and measurement of femoral anteversion and neck-shaft angle were performed with CT, using two standard sawbones models of the femur (Pacific Research Laboratories, Vashon, WA, USA). One sawbones model was placed in the neutral position and the other was placed in the flexion-adduction position in the CT scanner to test the influence from malposture usually seen in children with cerebral palsy. The commercial femur model has a neck-shaft angle of 137°and femoral anteversion of 12°. The neck-shaft angle and femoral anteversion measured from 3-D CT images were 135°and 13°, respectively. No difference was seen when a sawbones femur was used to simulate neutral position or in the flexion-adduction position.
Reliability of the measurements was tested by randomly choosing 30 hips in 15 patients. Two investigators (YCW, PCH) realigned images and measured femoral anteversion and neck-shaft angle independently. Intrarater reliability was tested by measuring images twice, 2 weeks apart. Measurement of the femoral anteversion had good intraand interrater reliabilities, with intraclass correlation coefficients of 0.96 and 0.84. Measurement of the neckshaft angle also had good intra-and interrater reliabilities, with intraclass correlation coefficients of 0.89 and 0.82.
For our first two questions, migration percentage was the dependent variable, and hip abduction range, flexion contracture, femoral anteversion, and neck-shaft angle were independent variables. Pearson's correlation was used to test the relationship between migration percentage and each independent variable. Then multiple linear regressions were used to remove the confounding among independent variables.
For our third question, the 62 hips were classified as adducted windblown hips, abducted windblown hips, or symmetric displaced hips by patient posture. The means of the hip motion (flexion contracture, abduction) and radiographic measures (migration percentage, femoral anteversion, neck-shaft angle) were compared across the three groups of hips using ANOVA with Scheffé's post hoc tests. Analyses were completed using SPSS software, version 17.0 (SPSS, Inc, Chicago, IL, USA), and a p value less than 0.05 was regarded as significant.
Results
For questions 1 and 2, greater migration percentage was associated with less hip abduction range (r = À0.83; p \ 0.001). Femoral anteversion had a weak correlation (r = 0.28; p \ 0.05) to migration percentage. With the numbers available, hip flexion contracture or neck-shaft angle was not associated with migration percentage. After controlling for relevant confounding variables by regression, only abduction range was associated with hip migration percentage (R 2 = 0.68; p \ 0.05). The significant correlation between femoral anteversion and migration percentage was completely explained by abduction range. The effect from abduction range in the association between femoral anteversion and migration percentage was shown by scatter plots of the 62 hips. The association was no longer significant after considering abduction range (Fig. 2) . Fig. 2A-B (A) A scatter plot shows femoral anteversion and migration percentage relationship of the 62 hips included in our study. A regression line shows a weak association between femoral anteversion and migration percentage (r 2 = 0.084; p = 0.023). (B) After grouping the 62 hips into hips with abduction greater than 40°( d) and hips with abduction less than 40°() by a simple cut-off value, the association between femoral anteversion and migration percentage became nonsignificant.
For our third question, ANOVA revealed that abduction range, migration percentage, and femoral anteversion were significantly different among the three groups of hips. Post hoc testing revealed that the adducted windblown hips had the greatest femoral anteversion of 46°. Symmetric displaced hips and abducted windblown hips had similar femoral anteversion (36 o vs 38 o ; p = 0.31), although symmetric displaced hips had a greater migration percentage than abducted windblown hips (66% vs 31%; p \ 0.001) ( Table 1) .
Discussion
Measuring femoral anteversion and coxa valga in children with cerebral palsy who are nonambulatory is a clinical dilemma. The measurements often are confounded by soft tissue contracture and profound bone deformities [11, 26] , yet hip displacement most likely occurs in children with cerebral palsy who are nonambulatory and requires accurate measurements for therapeutic decision-making. With advancements in imaging techniques, we found that excessive femoral anteversion was associated with adducted side of windblown posture and was not related to the percentage of hip displacement. Neck-shaft angle was generally high in children with cerebral palsy who had Level IV or V gross motor function, and neck-shaft angle was not associated with hip displacement or posture. The study results did not support femoral deformities as factors for hip displacement in children with cerebral palsy who are nonambulatory, and other factors were involved in the deteriorating course from a nondisplaced hip to a dislocated hip.
There are limitations to our study. First, it is a crosssectional study that supports the association between existing factors rather than a causal relationship. Second, we had a small sample size that prevented further analysis of the effects of age stratum and there is not enough power to detect small-to-medium sized differences if they existed. Third, only children with cerebral palsy who were nonambulatory were included, and the effects of posture on skeletal deformities in children who were ambulatory were not observed. Fourth, because of ethical concerns regarding radiation exposure from 3-D CT of the pelvis, the study did not include children without hip displacement with Gross Motor Function Classification System Level IV or V or those did not require surgical intervention to conduct a thorough analysis.
Gross motor function and hip abduction motion are strong global risk factors for spastic hip displacement, and they have been associated with femoral deformities [5, 22, 31, 33] . In the relationships among motor function, hip abduction, femoral deformity, and hip displacement, femoral deformity is a proxy factor of the two strong risk factors and is associated with hip displacement [19] . For example, a child with cerebral palsy with Gross Motor Function Classification System Level I has minimal risk of hip displacement and femoral deformities, whereas a child with cerebral palsy with Gross Motor Function Classification System Level V has the greatest risk of hip displacement and femoral deformities. When children with cerebral palsy with Gross Motor Function Classification System Level I to Level V are studied together, femoral anteversion could be associated with hip displacement by the interaction of gross motor function.
Femoral anteversion decreases gradually from 40°at birth to 15°at skeletal maturity in children who do not have cerebral palsy or other causes of hip dysplasia [5, 12] . The natural decrease in anteversion angle was interrupted by neurologic disorders and lack of normal physiologic stress in children with cerebral palsy. Our study revealed an effect of windblown posture on femoral anteversion. Greater femoral anteversion of 46°was seen in the adducted hips of children with cerebral palsy with windblown posture. We speculate that an additional effect from chronic adduction and internal rotation stress on the femoral head might cause excessive femoral anteversion.
Our study results do not support an association between femoral deformities and hip displacement in children with cerebral palsy and Gross Motor Function Classification System Level IV or V function. Coxa valga and excessive femoral anteversion generally were found in children with cerebral palsy who were nonambulatory, regardless whether hip displacement was present. Soft tissue factors probably are more important in hip displacement, whereas proximal femur deformities are secondary. For preventing hip displacement, our study results supported treatment to release flexion-adduction contracture and balance windblown posture. Femoral derotation osteotomy is especially indicated for the adducted hips in children with windblown posture.
